Background: Dehydroepiandrosterone sulfate (DHEAS) is the most abundant steroid in human circulation, and adrenocorticotropic hormone (ACTH) is considered the major regulator of its synthesis. Pregnenolone sulfate (PregS) and 5-androstenediol-3-sulfate (AdiolS) have recently emerged as biomarkers of adrenal disorders.
influence neuromodulation and possibly reproduction (3) (4) (5) . In the adrenal gland, sulfotransferase type 2A (SULT2A1) sulfates the 3b-hydroxyl group of the D 5 -steroids pregnenolone (Preg), 17a-hydroxypregnenolone (17OHPreg), dehydroepiandrosterone (DHEA), and androsta-5-ene-3b,17b-diol to form Preg sulfate (PregS), 17OHPreg sulfate (17OHPregS), DHEA sulfate (DHEAS), and 5-androstenediol-3-sulfate (AdiolS), respectively ( Fig. 1) . SULT2A1 deficiency has not been described to date, but mutations in the enzyme PAPS synthase 2, which provides the mandatory sulfate donor of all sulfotransferases, 3 0 -phosphoadenosine-5 0 -phosphosulfate, cause elevated DHEA and downstream androgen levels (6, 7) .
Steroid sulfates can be hydrolyzed to their respective unconjugated D 5 -steroids by the enzyme steroid sulfatase.
Nevertheless, DHEAS concentrations in human serum are 100-fold higher than those of DHEA (8) . Circulating DHEAS has a much lower rate of clearance than DHEA and, as a result of its extended half-life, demonstrates little diurnal rhythm (9) . Chronically, however, DHEAS is thought to be regulated by adrenocorticotropic hormone (ACTH) and is viewed as a reflection of the hypothalamicpituitary-adrenal axis integrity (10) . DHEAS has been proposed as an auxiliary tool for the diagnosis of secondary adrenal insufficiency (11, 12) and autonomous adrenal hypercortisolism (13, 14) , although studies have disagreed over both applications (15, 16) . Remarkably, DHEAS is paradoxically low in patients with congenital adrenal hyperplasia due to classic 21-hydroxylase deficiency (21OHD), including those in poor control despite chronic ACTH stimulation and elevation of other 19-carbon steroids (17, 18) . In contrast, we recently found that patients with classic 21OHD had higher PregS levels than sex-and age-matched controls (18) . In a subsequent study of children and adults with classic 21OHD, we showed that PregS correlated with ACTH, whereas DHEAS did not (19) .
Beyond the extensive studies of DHEAS, the dynamic regulation of other adrenal-derived steroid sulfates is poorly understood. Given the emerging data supporting promising clinical applications of PregS, 17OHPregS, and AdiolS as biomarkers of adrenal disease and maturation (18) (19) (20) , we compared the synthesis of these three adrenal-derived steroid sulfates with DHEAS in humans under basal and cosyntropin-stimulated conditions both in vivo and in vitro.
Participants and Methods

Human sera
Adrenal vein (AV) sampling was performed as clinically indicated in patients undergoing evaluation for primary aldosteronism at the University of Michigan. Leftover sera from 21 patients (14 men and seven women) aged 33 to 78 years with unilateral primary aldosteronism were used for these studies (Supplemental Table 1 ). None of the patients were taking glucocorticoids at the time of AV sampling. Samples were obtained from the inferior vena cava (IVC; mixed venous blood) and AV before and 10 to 30 minutes after cosyntropin administration (injected as a 0.125-mg bolus followed by a 0.125-mg/h continuous infusion). Successful catheterization was confirmed by a minimum AV/IVC cortisol gradient of 2 at baseline and 5 after cosyntropin administration. To minimize the influence on dysregulated steroidogenesis, only AV samples from the nondominant side of patients with unilateral primary aldosteronism were used. All samples were collected under institutional review board-approved protocols. Written informed consent was obtained from all participants.
Adrenal cell culture and steroid production experiments
Adrenal glands were collected from deceased kidney donors (five men, aged 20 to 49 years) through the Gift of Life Michigan program and after institutional review board approval. Adrenal cells were isolated as previously described (21) . Briefly, adrenal tissue was minced and dissociated into a single-cell suspension by repeated exposure of the tissue fragments to Dulbecco's modified Eagle medium (DMEM)/F12 medium containing 1 mg/mL of collagenase/ dispase and 0.25 mg/mL of deoxyribonuclease 1 (Hoffmann-La Roche Ltd., Basel, Switzerland). Three 1-hour cycles of digestion at 37°C and mechanical dispersion were performed. Cells were collected between each digestion and combined before storage at 2150°C. The cells were plated at a density of 15,000 cells per well in 48-well dishes and cultivated in growth medium to achieve 70% confluence. Subsequently, the cells were placed in low-serum medium 18 hours before treatment with 10 nM of cosyntropin for up to 48 hours. At the end of each treatment, the medium was collected from each well and stored at 220°C until steroid quantitation, whereas the cells were frozen at 280°C for protein assay. All experiments were conducted in triplicate.
Adrenal tissue experiments
Adrenal glands (n = 5) were trimmed free of fat and placed in DMEM/F12 medium (Gibco; Life Technologies, Carlsbad, CA). Zona fasciculata (ZF) and zona reticularis (ZR) tissue was isolated by microdissection of the adrenal gland as previously described (22) . In short, under the dissecting microscope (SZ40; Olympus, Center Valley, PA), glands were placed in culture medium without phenol red (DMEM/F12 medium; Life Technologies) and sliced. The boundary between the ZF and ZR was visually identified, and fragments of zonal tissue were excised by inspection of color (bright yellow for ZF and reddishbrown for ZR). The fragments from the same tissue type were pooled together and frozen at 280°C until further use. A mixture of 10 mM of Tris$HCl (pH, 7.4) and 1 mM of EDTA was added to the ZF and ZR tissue (65 mL/1 mg tissue) in a lysing matrix D tube (MP Biomedicals, Solon, OH), and the tissue was ground in a FastPrep bead-milling homogenizer. The mixture was centrifuged, and the supernatant was collected and stored at 220°C for later steroid quantification by liquid chromatography-tandem mass spectrometry (LC-MS/MS).
Human 17a-hydroxylase/17,20-lyase/P450 17A1 activity assay
The expression plasmids were generous gifts from the following investigators: modified human P450 17A1-G 3 H 6 in pCW and N-27-human cytochrome P450 oxidoreductase (POR)-G 3 H 6 in pET22 from Professor Walter L. Miller (University of California, San Francisco) and human cytochrome b 5 type A (CYB5A) in pLW01-b 5 H 4 from Professor Lucy Waskell (University of Michigan). PregS was purchased from SigmaAldrich, St. Louis, MO, and 17OHPregS was synthesized as previously described (18) .
Modified human P450 17A1 was expressed with GroEL/ES chaperones (pGro7 plasmid) in Escherichia coli JM109 cells as described (23) . Modified human POR was expressed in E. coli C41(DE3) cells (OverExpress; Lucigen, Middleton, WI) and was purified according to a previously published procedure (24) . Purified P450 17A1 preparations showed a specific content of 8 to 12 nmol P450/mg protein with 3% to 10% P420. The protocol for expression and reconstitution of recombinant human CYB5A was based on the procedure of Mulrooney and Waskell (25) . P450 17A1 (10 to 100 pmol; final concentration, 0.05 to 0.5 mM) was reconstituted with 1 molar equivalent of POR with or without 1 molar equivalent of CYB5A and 100 molar equivalents phospholipid (1,2-didodecanoyl-sn-glycero-3-phosphocholine; final concentration, 5 to 50 mM). The mixture was set at room temperature for 5 minutes and diluted to 0.2 mL with 50 mM of potassium phosphate buffer (pH, 7.4) or 50 mM of HEPES (pH, 7.4) containing 1 mM of MgCl 2 and substrate at various concentrations. The resulting mixture was mixed gently and set at 37°C for 3 minutes. Nicotinamide adenine dinucleotide phosphate (reduced) (1 mM) was added, and the incubation was continued at 37°C for 5 to 20 minutes. The reaction mixture was quenched by addition of 20 mL of 3 N HCl and stored at 220°C. Steroids were later quantified by LC-MS/ MS. All reactions were run in triplicate.
Steroid quantitation by LC-MS/MS
Measurement of D 5 unconjugated steroids and steroid sulfates from sera and media was performed by LC-MS/MS after liquid-liquid extraction, as previously described (18, 20, 26) . Steroid calibration and internal standards were purchased from Cerilliant (Preg, 17OHPreg, and DHEA; Round Rock, TX), Sigma-Aldrich (DHEAS, DHEAS-d6, and DHEA-d5), and C/D/ N Isotopes (PregS-d4; Pointe-Claire, Quebec, Canada) or were synthesized as previously described (PregS, 17OHPregS, and AdiolS) (18) . The steroid sulfates were extracted from tissues as reported previously (27) . Briefly, 75 mL of a mixture of internal standard deuterated steroids at known concentrations was added to a 75-mL aliquot of centrifuged lysate followed by 2 mL of methanol. The suspension was vortexed for 5 minutes followed by centrifugation for 10 minutes at 2500 rpm and 4°C and was then mixed with 2 mL of hexane. After vortexing, the mixture was again centrifuged for 10 minutes at 2500 rpm and 4°C, and the lower methanol layer was evaporated under nitrogen. The dried residue was mixed with 2 mL of 0.1 M acetate buffer (pH, 5.0) for 30 seconds, and the mixture was loaded onto a SEP-PAK C 18 cartridge (Waters, Milford, MA), which was conditioned before loading with sequential washes of 5 mL each methanol, water, and 0.1 M acetate buffer (pH, 5.0). After the loaded cartridge was washed with 3 mL of water, steroid sulfates were eluted with 3 mL of methanol and collected in a clean glass vial. The eluate was dried under nitrogen gas at 37°C, and the residue was resuspended in 75 mL methanol of methanol/deionized water (1:1), transferred to a 0.25-mL vial insert, and stored at 220°C until LC-MS/MS analysis.
Protein extraction and protein assay
Cells were lysed in 100 mL of mammalian protein extraction reagent (Pierce Chemical, Rockford, IL), and the protein content was estimated by the bicinchoninic acid protein assay using the microbicinchoninic acid protocol (Thermo Scientific, Waltham, MA).
Statistical analyses
Concentrations of steroids before and after cosyntropin treatment and of ZF and ZR steroid content were compared using a two-tailed paired t test with 95% confidence intervals. Comparison between different steroids was performed using the nonparametric Mann-Whitney U test. Statistical analysis for cell culture data was determined using one-way analysis of variance followed by a Holm-Sidak correction for multiple comparisons and t tests for single variables, as appropriate. Significance was accepted at P , 0.05.
Results
AV and peripheral profiles of D 5 unconjugated steroids and steroid sulfates Before cosyntropin infusion, DHEAS was the dominant steroid in the AV and IVC, followed by AdiolS, PregS, and 17OHPregS (Table 1A) . Baseline DHEAS concentrations were 24-and 36-fold higher than those of PregS in the AV and IVC, respectively (Table 1B) . Of the steroid sulfates, PregS and 17OHPregS demonstrated much greater maximal responses to cosyntropin (32-and 29-fold, respectively) in the AV (P , 0.0001) than DHEAS and AdiolS, which increased only 1.8-fold from baseline (P = 0.02) or showed no increment, respectively (Supplemental Fig. 1 ; Table 1 ). After cosyntropin administration, PregS attained concentrations similar to those of DHEAS in the AV samples (AV DHEAS/PregS, 1.3, Table 1B ). Relative to the IVC, postcosyntropin AV concentrations of PregS and 17OHPregS were 32-and 35-fold higher (P , 0.0001 for both), respectively, whereas DHEAS was only 2.2-fold higher in the AV as in the IVC after cosyntropin stimulation (P = 0.001).
Of the unconjugated D
5
-steroids measured, DHEA was most abundant at baseline, followed by 17OHPreg and Preg in both the AV and the IVC ( Table 1) . As observed with steroid sulfates, Preg responded sharply to cosyntropin (578-fold in the AV compared with baseline) and reached concentrations similar to those of DHEA in the AV samples (Supplemental Fig. 1 ; Table 1 ).
Human adrenal cell production of D 5 -steroid sulfates To examine the adrenal production of D 5 -steroid sulfates at a cellular level, we quantified these steroids in media from cultivated human adrenocortical cells under basal and cosyntropin-stimulated conditions (Fig. 2) . We found that of the steroids measured, PregS accumulated at the highest rate, both under basal conditions and after cosyntropin stimulation (Fig. 2) . After cosyntropin treatment, PregS and Preg demonstrated abrupt acute responses (21-and 12-fold increase at 3 hours compared with baseline, respectively; P , 0.05) and peaked after 24 hours. In contrast, DHEAS and DHEA responded only modestly to cosyntropin stimulation (1.8-and 2.8-fold increase at 3 hours compared with baseline, respectively; P , 0.05). By 48 hours after cosyntropin stimulation, we detected a modest decline in PregS levels and a steep drop in Preg content, whereas the DHEAS level continued to rise slightly (Fig. 2) .
Adrenal zonal content of D 5 -steroid sulfates To further understand the intra-adrenal biosynthesis of D 5 -steroid sulfates, we measured their content in microdissected ZF and ZR samples. We found that PregS and 17OHPregS were present in similar amounts in both adrenal zones, whereas DHEAS and AdiolS were found predominantly in the ZR (Table 2) . We observed that DHEAS was the most abundant steroid in the ZR, followed by AdiolS, PregS, and 17OHPregS (Table 2) .
Human P450 17A1 activity assays
The steady-state turnovers of PregS and 17OHPregS were examined at various substrate concentrations (0.05 to 800 mM) in a reconstituted system containing purified P450 17A1 and POR, in the absence or presence of CYB5A. All reactions were performed in parallel with Preg and 17OHPreg (0.05 to 80 mM) under the same experimental conditions. We found no detectable metabolism of either of the two steroid sulfates by P450 17A1. In contrast, Preg and 17OHPreg were both metabolized by P450 17A1, and CYB5A greatly amplified the lyase reaction (40-fold). These results are summarized in Supplemental (18) (19) (20) .
To properly use these steroid sulfates in the study and diagnosis of adrenal pathology, an understanding of their adrenal synthesis patterns and response to ACTH is essential. A key finding of our studies is the marked acute rise of PregS (and 17OHPregS to a lesser extent) in response to cosyntropin stimulation, both in AV samples and in cultured adrenal cells, which is in stark contrast to DHEAS Human adrenal ZF and ZR tissues were isolated by visual microdissection (n = 5 adrenals). The D
5
-steroid sulfate content of ZF and ZR tissue was measured by LC-MS/MS. Steroid concentrations were normalized to total tissue protein content. Data are expressed as median [interquartile range]. Statistical significance was determined by paired t test (P , 0.05).
and AdiolS. PregS has been shown to function as a neurosteroid, targeting various ion channels, enzymes, and transporters (4, 5, 32) . As a biomarker for adrenal function, however, PregS remains understudied. We recently found that patients with classic 21OHD had approximately threefold higher circulating PregS concentrations than sex-and age-matched controls (18) . Furthermore, in a study of 114 children and adults with classic 21OHD, PregS was significantly higher in males with testicular adrenal rest tumors and in women with menstrual disorders and/or hirsutism (19) . Such clinical findings typically reflect poor long-standing disease control and presumably higher cumulative ACTH stimulation. Conversely, DHEAS and AdiolS were paradoxically lower in patients with classic 21OHD (17, 18) than in healthy individuals and were also similar between males with 21OHD with and without testicular adrenal rest tumors (19) . In this study, we found that PregS correlated tightly with ACTH, whereas DHEAS showed no significant correlation. To further understand these initial findings, we evaluated the effect of ACTH on adrenal-derived D
-steroid sulfates in vivo and in vitro.
Our studies of AV samples showed a dramatic increment of PregS and 17OHPregS after cosyntropin stimulation, whereas DHEAS responded modestly. Remarkably, although DHEAS is the dominant steroid under basal conditions in both the AV and IVC, cosyntropin-stimulated concentrations of PregS attained in the AV approached those of DHEAS. Owing to its lower rate of clearance and lack of diurnal rhythm, DHEAS has long been regarded as a reflection of chronic adrenal cortex function. To this end, concentrations of DHEAS in the AV and IVC and their relationships with cosyntropin stimulation have been previously assessed (28) (29) (30) (31) (33) (34) (35) . Although studies implementing immunoassays suggested a robust response of DHEAS to cosyntropin stimulation (30) , more recent LC-MS/MS studies have demonstrated a modest gradient between AV and peripheral serum, both with and without cosyntropin administration, in concordance with our findings (31, 36) . The half-life of DHEAS (7 to 10 hours) is estimated to be 3.5 to 5 times greater than that of PregS (;2.2 hours) (37, 38) , which could account for the fact that PregS concentrations in the peripheral circulation were not maintained at levels comparable to those of DHEAS. Paradoxically, circulating concentrations of PregS rose more than twofold after cosyntropin, despite a 32-fold upsurge of PregS in the AV samples, which might reflect a large volume of distribution due to dilution, robust tissue uptake, and clearance. Relative to their respective sulfated derivatives, the AV concentrations of unconjugated D 5 -steroids Preg, 17OHPreg, and DHEA demonstrated steeper surges after cosyntropin stimulation, in concordance with previous findings (30, 31, 35) .
To circumvent the half-life differences observed in vivo, we analyzed the response of D
-steroid sulfates to immediate and sustained cosyntropin stimulation in cultured human adrenal cells. Under basal conditions, PregS was the most abundantly produced steroid of those measured (rising 10-fold from 3 to 48 hours), whereas all other steroids demonstrated more gradual increments. The effect of cosyntropin on PregS in adrenal cells mirrored the in vivo response observed during AV sampling. In addition, we found that PregS not only responded rapidly to cosyntropin but continued rising for 24 hours; overall, peak PregS concentrations were .30-fold higher than those of all other steroid sulfates. Similar responses of steroid sulfates were noted in an ACTH-responsive H295RA cell line recently developed by our group (39) . Of the unconjugated D 5 -steroids, Preg and DHEA were highest at baseline, whereas Preg demonstrated the sharpest response to cosyntropin. A decline in downstream steroidogenic enzymes from ACTH deprivation between organ collection and cosyntropin treatment might have influenced our results; however, previous studies of unconjugated steroid synthesis in human adrenal cells showed stimulation of the steroidogenic flux by cosyntropin at several levels, with predominance of cortisol (26, 40) .
Our data question how efficiently Preg is converted to cortisol in the ZF during acute ACTH stimulation. Unconjugated steroid precursors circulate at concentrations one to two orders of magnitude lower than that of cortisol, consistent with limited diversion of steroids to unproductive pathways. The production of PregS and 17OHPregS represent competitions between 3b-hydroxysteroid dehydrogenase type 2 (HSD3B2) and SULT2A1 or P450 17A1 for nascent Preg and 17OHPreg. In the ZR, where P450 17A1 and CYB5A are abundant and HSD3B2 is low, the pathway primarily follows P450 17A1 to DHEA followed by sulfonation. Despite abundant HSD3B2 expression in the ZF, our data suggest that a substantial amount of nascent Preg and 17OHPreg is lost to cortisol synthesis via sulfonation, attesting to the catalytic capacity of SULT2A1 in the ZF and the minimal effect of ACTH on HSD3B2 expression (41) .
To understand the intra-adrenal flux of D
-steroid sulfates, we assessed their content within the adjacent ZF and ZR. Although DHEAS and AdiolS were found solely in the ZR, PregS and 17OHPregS were equally present in both the ZF and the ZR. Transcriptome comparison between the two adrenal zones has shown that the expression of SULT2A1 is much higher in the ZR than in the ZF (22) . Studies in fetal adrenal cells have demonstrated that SULT2A1 expression and DHEAS synthesis increase in response to ACTH (42) . The acute burst of Preg substrate that occurs in response to ACTH stimulation might explain the abrupt surge in PregS, despite lower SULT2A1 expression in ZF.
Although steroid sulfates are largely thought to be generated by sulfonation of their respective unconjugated D 5 -steroids by sulfotransferase, studies conducted in the 1960s proposed a direct unidirectional pathway of sulfated steroids, from PregS → 17OHPregS → DHEAS (43) (44) (45) (46) (47) . A more recent study using bovine P450 17A1 proposed that 17OHPregS can derive from PregS, whereas an enzymatic conversion of 17OHPregS to DHEAS was not observed (48) . A subsequent, lessdetailed study using human P450 17A1 found a 15% conversion of 40 mM PregS to 17OHPregS in a similar in vitro system. Contrary to these investigations, we did not detect any significant production of 17OHPregS from PregS by purified human P450 17A1, even when concentrations as high as 800 mM were used. Our results are consistent with findings that despite a threefold elevation of PregS in patients with 21OHD compared with age-and sex-matched controls, 17OHPregS remained similar between the two groups (18) . We cannot exclude a contribution from differences in reconstitution conditions as a reason for our discordant results with prior studies, but we conclude that any P450 17A1-catalyzed metabolism of PregS is small compared with its metabolism of Preg. In summary, we simultaneously quantified the baseline and cosyntropin-stimulated production of PregS, 17OHPregS, DHEAS, and AdiolS by the human adrenal both in vivo and in vitro. The acute and sharp response of PregS to cosyntropin stimulation suggests that PregS can be used to acutely interrogate the hypothalamicpituitary-adrenal axis and serve as biomarker in various adrenal disorders.
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